Argonaute-associated siRNAs and Piwi-associated piRNAs have overlapping roles in silencing mobile genetic elements in animals. In Caenorhabditis elegans, mutator (mut) class genes mediate siRNA-guided repression of transposons as well as exogenous RNAi, but their roles in endogenous RNA silencing pathways are not well-understood. To characterize the endogenous small RNAs dependent on mut class genes, small RNA populations from a null allele of mut-16 as well as a regulatory mut-16(mg461) allele that disables only somatic RNAi were subjected to deep sequencing. Additionally, each of the mut class genes was tested for a requirement in 26G siRNA pathways. The results indicate that mut-16 is an essential factor in multiple endogenous germline and somatic siRNA pathways involving several distinct Argonautes and RNAdependent RNA polymerases. The results also reveal essential roles for mut-2 and mut-7 in the ERGO-1 class 26G siRNA pathway and less critical roles for mut-8, mut-14, and mut-15. We show that transposons are hypersusceptible to mut-16-dependent silencing and identify a requirement for the siRNA machinery in piRNA biogenesis from Tc1 transposons. We also show that the somaspecific mut-16(mg461) mutant allele is present in multiple C. elegans laboratory strains.
R
NAi can be elicited by the introduction of dsRNAs, which trigger sequence-specific degradation of homologous mRNAs (1) . Exogenous dsRNAs are processed into ∼22-nt siRNA duplexes by the RNase III enzyme DICER (2) (3) (4) . One strand of the siRNA duplex is loaded into a silencing complex (RISC) containing an Argonaute protein and accessory factors, where it serves as a guide to silence complementary mRNAs (reviewed in ref. 5) .
High-throughput sequencing has revealed an extensive repertoire of endogenous siRNAs in plants, animals, and fungi. These endogenous siRNAs play roles in maintaining genome integrity at both transcriptional and posttranscriptional levels by suppressing transposon mobilization, silencing aberrant transcripts, regulating gene expression, and promoting heterochromatin formation (reviewed in ref. 6 ). In the nematode Caenorhabditis elegans, endogenous siRNAs can be broadly categorized according to their length and 5′ nucleotide. 22G siRNAs are predominantly 22 nt in length and contain a 5′G that is triphosphorylated, whereas 26G siRNAs are predominantly 26 nt long and have a 5′G that is monophosphorylated. These distinct siRNA classes are bound to particular subtypes of the 27 different C. elegans Argonaute proteins (WAGOs, CSR-1, ALG-3/4, and ERGO-1), which are largely responsible for conferring unique functionality to the different classes of siRNAs. The majority of endogenous siRNAs in C. elegans bypass DICER processing and instead, derive from short RNA-dependent RNA polymerase (RdRP) transcripts, which likely undergo additional nuclease-mediated processing to facilitate association with one particular type of Argonaute protein (7) (8) (9) . C. elegans contains four RdRPs (ego-1, rrf-1, rrf-2, and rrf-3) with overlapping roles in the various siRNA pathways. EGO-1 and RRF-1 have partially redundant roles in WAGO class 22G siRNA formation (9) . EGO-1 is also required for CSR-1 class 22G siRNA formation (7) . RRF-3 is required for ERGO-1 and ALG-3/4 class 26G siRNA biogenesis (10) (11) (12) (13) . 26G siRNAs are unique among endogenous siRNAs in their requirement for DICER and enhancer of RNAi (eri) class genes (10, 12, 13) . ERGO-1 class 26G siRNAs are enriched in oocytes, embryos, and somatic cells, whereas ALG-3/4 class 26G siRNAs are enriched in spermatogenic cells (10) (11) (12) (13) . In addition to endogenous siRNAs, microRNAs (miRNAs) and Piwi-interacting RNAs (piRNAs; also called 21U RNAs in C. elegans) also have broad roles in RNA silencing in C. elegans (14) (15) (16) (17) (18) (19) (20) .
A conserved function of endogenous RNAi pathways in eukaryotes is to silence transposons and other invasive nucleic acids (6, (21) (22) (23) (24) (25) (26) (27) . mutator (mut) class genes were identified in screens for mutations that desilence transposons in the C. elegans germline (21, 28, 29) . Mutations in any of the six characterized mut genes (mut-2/rde-3, mut-7, mut-8/rde-2, mut-14, mut-15/rde-5, and mut-16) also cause an increased incidence of males because of chromosomal nondisjunction, and they are temperature-sensitive sterile (21, 29) . The mut class genes are also required for exogenous RNAi and the accumulation of at least a subset of endogenous siRNAs (9, 21, (29) (30) (31) (32) (33) . mut-2, mut-7, and mut-14 are conserved in animals and encode a nucleotidyltransferase, a 3′-5′ exonuclease and an RNA helicase, respectively (21, 28, 30, 31) . mut-16 encodes a protein with glutamine/asparagine (Q/N)-rich domains, suggesting that it may mediate specific protein-protein interactions, whereas mut-15 and mut-8 encode proteins that lack known functional domains (29, (32) (33) (34) .
To assess the role of mut class genes in endogenous RNAirelated pathways, small RNAs from WT C. elegans and a null mut-16 mutant strain were subjected to deep sequencing. We also analyzed (by deep sequencing) the small RNA defects of a regulatory mutation in mut-16 that decouples its functions in somatic and germline RNAi. Additionally, we tested the requirement of each of the other mut class genes in the 26G siRNA pathways. Our results indicate that mut-16 and other mut class genes are essential components of the endogenous RNAi machinery affecting multiple classes of endogenous siRNAs.
Results
RNAi-Deficient mut-16(mg461) Allele Is Present in Many C. elegans Laboratory Strains. To characterize the genetic factors required for RNAi in C. elegans, we obtained mutant alleles for a subset of genes that were identified in RNAi screens for components of RNAi pathways (33) . We identified RNAi defects in several of these strains, including those containing ncl-1(e1865), inx-22 (tm1661), and inx-22(tm1661);fog-2(q71). However, after backcrossing the ncl-1 and inx-22 mutants to WT, the RNAi defects failed to cosegregate with the ncl-1 and inx-22 mutant alleles, suggesting that a background mutation was responsible for the RNAi-deficient phenotype. From a combination of genetic mapping and candidate gene sequencing, the causal mutation in each of these three strains was identified as a regulatory mutation in mut-16 (Methods). The mut-16 mutant allele (mg461) contains a 451-bp deletion located about 500 bp upstream of the predicted start codon (Fig. 1A) . Although this mutation is common to unrelated strains, the DNA sequence around the deletion does not contain any obvious repetitive or transposon sequences that would suggest that the frequency of spontaneous mutation for this sequence is unusually high.
The presence of the mut-16(mg461) allele in strains originating from different laboratories suggested that it could be a common mutation in C. elegans laboratory stocks. To assess the prevalence of this mutation in laboratory strains and to determine its origin, we genotyped more than 100 arbitrarily selected C. elegans strains (Datasets S1 and S2). In total, 18 strains from six laboratories were found to contain the mut-16(mg461) deletion (Table 1 ). In addition, the WT N2 strains used by at least two laboratories carry this deletion. The dimorphism of presumed WT strains was likely caused by a deletion that yielded the mut-16(mg461) allele as opposed to an insertion in the canonical Bristol N2 strain, because the closely related C. elegans isolate Hawaiian CB4856 does not have the deletion (Dataset S2).
mut-16(mg461) Is a Soma-Specific RNAi-Defective Allele of mut-16.
Presumptive null alleles of mut-16 are defective for both somatic and germline RNAi (29) . mut-16 is also required for an endogenous RNAi-related pathway that directs transposon silencing in the germline (29) . To determine if the mut-16(mg461) allele causes RNAi defects similar to that of null alleles, genes expressed in particular tissues were targeted by dsRNAs in WT, a probable null allele of mut-16(pk710) containing an early stop codon, and the mut-16(mg461) allele. WT animals were sensitive to and mut-16(pk710) mutant animals were resistant to RNAi targeting each of the somatic and germline genes tested (Fig. 1B) . In contrast, although the mut-16(mg461) allele displayed sensitivity to RNAi targeting germline genes similar to that of WT, the efficiency of RNAi targeting somatic genes was strongly reduced (Fig. 1B) . When introduced into mut-16(pk710), an 8,422-bp DNA amplicon containing the mut-16(mg461) locus that includes the 451-bp deletion in the upstream regulatory region rescued the germline RNAi defects of mut-16(pk710) but failed to rescue the somatic RNAi defects, whereas an analogous 8,873-bp amplicon containing the WT mut-16(+) allele rescued defects in both the soma and germline (SI Appendix, Table S1 ).
Defects in endogenous siRNA pathways have been linked to temperature-sensitive sterility, increased incidence of male progeny, and increased transposition in the germline (9, 21) . mut-16 (pk710) mutants were temperature-sensitive sterile at 26°C and yielded an ∼17.5-and ∼14-fold increase in male progeny at 20°C and 26°C, respectively, relative to WT ( Fig. 1 C and D) (29) . In contrast, mut-16(mg461) mutant animals had a brood size in- 
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distinguishable from WT at both 20°C and 26°C and similar incidence of male progeny to WT ( Fig. 1 C and D) . The mut-16 (pk710) temperature-sensitive sterility phenotype was only partially rescued by male mating (∼20%; relative to WT) and thus, is likely caused by defects in both sperm and oocyte small RNA pathways. Finally, unlike the mut-16(pk710) null allele, which causes reversion of an unc-22 mutant allele containing a Tc1 transposon to WT caused by germline transposition of the Tc1 sequence out of the unc-22 gene, no revertants were observed in either WT or mut-16(mg461) mutants (Fig. 1E ).
To determine if the mut-16(mg461) hypomorphic allele causes defects in endogenous siRNA pathways, Northern blot assays were done for siRNAs derived from the somatically expressed Xcluster region and the germline-expressed gene eri-6 (T01A4.3). The mut-16(pk710) null allele, as well as eri-1 and mut-7 mutants, was tested in parallel. mut-16(pk710) and mut-7 mutants had decreased levels of siRNAs from both loci tested, whereas eri-1 only affected the somatically expressed X-cluster siRNAs ( Fig.  1F) (16, 35) . Similar to eri-1 mutants, mut-16(mg461) had WT levels of germline eri-6 (T01A4.3) siRNAs and reduced levels of somatic X-cluster siRNAs (Fig. 1F) , suggesting that the mg461 allele specifically affects somatic siRNA pathways.
To determine if the mg461 allele causes a differential reduction in mut-16 expression in the soma relative to the germline, we measured the relative levels of mut-16 mRNA in mut-16(mg461) in an otherwise WT background or a temperature-sensitive germlinedeficient glp-4(bn2) background by quantitative RT-PCR (qRT-PCR) (Fig. 1G ). mut-16 mRNA levels were reduced by ∼45% in mut-16(mg461) compared with WT. However, mut-16 mRNA levels in mut-16(mg461) in the glp-4(bn2) germline-deficient background were reduced by ∼75% relative to control glp-4 mutant animals (Fig. 1G) . Thus, the reduction in mut-16 mRNA levels in mut-16(mg461) was ∼1.7-fold greater in germline-deficient glp-4 (bn2) than in WT, suggesting that mut-16(mg461) primarily affects somatic expression. These data suggest that the mut-16(mg461) allele results in soma-specific defects in RNAi-related pathways, while having little or no effect on the germline function of mut-16. endogenous siRNA pathways, small RNA cDNA libraries were constructed from adult WT, mut-16(pk710), and mut-16(mg461) strains and sequenced on an Illumina Genome Analyzer platform (SI Appendix, Fig. S1A ). Small RNAs were captured using a method that allows for either a 5′ monophosphate (e.g., miRNAs, piRNAs, and 26G siRNAs) or a 5′ triphosphate (e.g., 22G siRNAs) (9) . Small RNAs containing a 5′G that were 22 nt in length (22G siRNAs) were the most abundant class in WT animals ( Fig. 2A) , consistent with previous 5′ monophosphateindependent sequencing results (9). These small RNAs were most commonly derived from coding genes, pseudogenes, transposons, and unannotated regions of the genome (Fig. 2A) .
In mut-16(pk710) mutants, 22G siRNAs were largely depleted, whereas miRNAs and 21U RNAs (i.e., piRNAs) seemed to be enriched because of, at least in part, depletion of the abundant 22G siRNAs (Fig. 2A) . In contrast, mut-16(mg461) mutants showed only a slight reduction in total 22G siRNA levels ( Fig.  2A) . Five thousand thirteen annotated coding genes, representing ∼25% of all unique coding genes in C. elegans, yielded ≥10 siRNA reads per million total small RNA reads (RPM) in WT. Of these, siRNAs from 2,803 were reduced by ≥67% in mut-16(pk710) (Dataset S3). Additionally, 198 annotated pseudogenes and 254 annotated transposons yielding ≥10 RPM in WT animals displayed a ≥67% reduction in siRNA levels in mut-16(pk710) (Dataset S4). In contrast, only 177 features yielding ≥10 RPM in WT animals had siRNAs levels reduced by ≥67% in mut-16 (mg461) relative to WT (Dataset S5). 22G siRNAs were depleted across each of the six chromosomes in mut-16(pk710) mutants (Fig. 2B) , whereas mut-16(mg461) mutants displayed only modest, although widespread, reductions in 22G siRNAs (Fig. 2C) .
Small RNA reads derived from genes that yield 22G siRNAs shown to be germline-enriched (9) were reduced by ∼85% in mut-16(pk710) but only by ∼15% in mut-16(mg461) mutants (Fig. 2D) . Small RNA reads derived from genes yielding siRNAs shown to be soma-enriched (9) were depleted by >99% in mut-16(pk710) and ∼80% in mut-16(mg461) (Fig. 2D ). This represents a greater than fivefold reduction in soma-enriched siRNAs relative to germline-enriched siRNAs in mut-16(mg461) but a similar reduction in soma and germline siRNAs in mut-16(pk710), supporting the conclusion that the mg461 regulatory mutation primarily affects mut-16 activity in the soma.
22G siRNAs fall into one of two classes determined by their Argonaute binding partners, either CSR-1 or the WAGO family (7) (8) (9) . siRNAs derived from WAGO class 22G siRNA target genes were reduced by >99% in mut-16(pk710) mutants but only slightly reduced in mut-16(mg461) mutants relative to WT (Fig.  2E) . A subset of WAGO class 22G siRNAs interacts with the somatically expressed Argonaute NRDE-3 to direct cotranscriptional gene silencing (36, 37) . In mut-16(pk710) and mut-16 (mg461), NRDE-3-interacting siRNAs were reduced by >99% and ∼60%, respectively, relative to WT (Fig. 2F) . The Argonaute RDE-1 associates with primary siRNAs derived from exogenously delivered RNAs and affects only a small subset of endogenous siRNAs, most notably soma-enriched WAGO class 22G siRNAs triggered by miR-243-guided cleavage of Y47H10A.5 (38) . siRNAs from Y47H10A.5 were reduced by >99% and ∼90% in mut-16(pk710) and mut-16(mg461), respectively (Fig. 2G) . A second RDE-1 target, W06H8.8, yields siRNAs that are not somatically enriched, and it displayed siRNA levels that were reduced by ∼90% in mut-16(pk710) and somewhat elevated in mut-16(mg461) (Fig. 2G) . These results indicate that mut-16 is essential for the formation or stability of WAGO class 22G siRNAs derived from both germline and somatically expressed genes, including siRNAs that associate with NRDE-3 to direct cotranscriptional silencing.
Small RNAs derived from CSR-1 class 22G siRNA target genes (i.e., genes depleted of siRNAs by twofold or greater in csr-1 mutants) (7) were reduced by nearly 90% in mut-16(pk710) and ∼15% in mut-16(mg461) mutants relative to WT (Fig. 2H) .
The
defects, unlike CSR-1 pathway mutants, aside from modest nondisjunction at the X chromosome (7, 8, 29) . It is possible that mRNAs targeted by CSR-1 to direct chromosome segregation are also routed into a distinct RNA silencing pathway involving the WAGOs. Indeed, of 937 genes depleted by twofold or greater of siRNAs in csr-1 mutants (7), 383 were also depleted of siRNAs in a C. elegans strain mutant for all 12 of the wago class genes (9). We removed these 383 genes from our analysis as well as genes that were not enriched for siRNAs bound by CSR-1 as determined by coimmunoprecipitation assays (7) . siRNAs from the remaining 392 CSR-1 target genes were depleted by only ∼60% in mut-16(pk710) (SI Appendix, Fig. S2) .
A subset of predicted CSR-1 target genes (daf-21, vig-1, klp-16, bub-1, cdc-48.1, cgh-1, hcp-1, and hcp-3) was shown to bind to CSR-1 and thus, represents a high-confidence set of CSR-1 targets (7) . For the six of these genes that we obtained greater than ∼35 reads per million total small RNA reads in our WT library, siRNA levels were only moderately affected or unaffected in mut-16(pk710) (Fig. 2I) . A closer inspection of these six highconfidence CSR-1 target genes revealed that, although most individual siRNAs were reduced, some siRNAs were unaffected or in certain cases, particularly near the 3′ ends of genes, elevated in mut-16(pk710) (Fig. 2J and SI Appendix, Fig. S3A ). In contrast, genes targeted by the WAGO pathway and that do not yield siRNAs shown to associate with CSR-1 were uniformly depleted of siRNAs ( Fig. 2K and SI Appendix, Fig. S3B ). Based on these results, we conclude that mut-16-dependent siRNAs derived from CSR-1 targets are distinct from those required for CSR-1-mediated chromosome segregation and that mut-16 is not required for CSR-1 class 22G siRNA formation or function.
Transposons Are Hypersusceptible to mut-16-Dependent Silencing.
Transposon-derived siRNAs suppress transposase activity by an RNAi-related mechanism in the C. elegans germline (9, 21, 22, 39). To determine if transposons are hypersusceptible to siRNAmediated silencing involving mut-16, the numbers of small RNA reads per annotated coding gene, pseudogene, and transposon were calculated. In WT C. elegans, the median number of reads from transposons was ∼18-fold greater than from coding genes and ∼108-fold greater than from pseudogenes (Fig. 3A) . Furthermore, ∼62% of 408 annotated transposons in C. elegans yielded ≥10 siRNA reads per million total small RNA reads, whereas only ∼25% of 20,163 annotated coding genes and ∼14% of 1,524 annotated pseudogenes yielded ≥10 siRNA reads per million total small RNA reads in our WT small RNA library after correcting for sequences with multiple genomic loci. When small RNA reads per individual feature were plotted for mut-16(pk710) (y axis) vs. WT (x axis), the vast majority of coding genes, pseudogenes, and transposons clustered to the right of the y = x line, indicating depletion in mut-16(pk710), with transposons clustering farthest from the line (Fig. 3B) . In contrast, individual 21U RNAs and miRNAs tended to be slightly elevated in mut-16(pk710) (i.e., to the left of the y = x line), likely because these classes of small RNAs are enriched because of depletion of siRNAs (Fig. 3B) .
Tc1 and Tc3 are the most abundant active DNA transposons in C. elegans. siRNA reads from Tc1 and Tc3 were strongly reduced in mut-16(pk710) but unchanged in mut-16(mg461) (Fig. 3 C and  D) . siRNA reads from the gypsy-like retrotransposon gene retr-1 were also reduced in mut-16(pk710) mutants and to a lesser degree, in mut-16(mg461) mutants (Fig. 3E) (40) . Two 21U RNAs (i.e., piRNAs) derive from the transposase region of Tc3 (18, 19) . We mapped a 21U RNA (21UR-6046) to the terminal inverted repeat (TIR) sequences of each of the 31 Tc1 transposons and identified a 21U RNA (SI Appendix, SI Text) that maps to the long terminal repeat (LTER) regions of retr-1 (Fig. 3 C and E) (18) . Surprisingly, 21U RNA reads from Tc1 were depleted by ∼78% in mut-16(pk710) relative to WT (Fig. 3C ). Tc1-derived 21U RNA reads were also depleted in small RNA deep-sequencing datasets from mut-2 and mut-7 mutants relative to a WT control dataset (9) , suggesting that 21U RNA biogenesis from Tc1 elements is dependent, possibly indirectly, on the siRNA machinery. In contrast, 21U RNA reads from Tc3 and retr-1 were elevated in mut-16(pk710) (Fig. 3 D and E) . Tc1 and Tc3 transposase mRNA levels were elevated by approximately three-and sixfold, respectively, in mut-16(pk710) but were unaffected in mut-16 (mg461) relative to WT (SI Appendix, Fig. S4 ). These results suggest that certain features trigger entry of transposons into the mut-16-dependent RNA silencing pathway more efficiently than other classes of genes. However, the fact that many coding genes and pseudogenes also yield relatively high levels of siRNAs indicates that additional nontransposon-specific features confer hypersusceptibility to RNA silencing pathways.
mut-16 and Other mut Class Genes Are Required for the Accumulation of ERGO-1 Class 26G siRNAs. 26G siRNAs are primary siRNAs that trigger secondary 22G siRNA formation from their targets (10) (11) (12) (13) . 26G siRNAs can be distinguished by their association with either ERGO-1 or ALG-3 and ALG-4 Argonautes. To determine if mut-16 is required for the accumulation of ALG-3/4 and ERGO-1 class 26G siRNAs, small RNA reads corresponding to previously identified 26G targeted mRNAs were extracted from our deep-sequencing datasets (10, 11, 13) . ALG-3/4 class 26G siRNAs were moderately increased in mut-16(pk710) relative to WT (Fig. 4A) . In contrast, 22G siRNA reads derived from ALG-3/4 target genes were depleted by ∼70% in mut-16(pk710), suggesting that, although ALG-3/4 class 26G primary siRNAs are mut-16-independent, the secondary 22G siRNAs are at least partially mut-16-dependent (Fig. 4A) .
ERGO-1 class 26G siRNAs and secondary 22G siRNAs were both strongly depleted in mut-16(pk710) relative to WT (Fig.   4A ). ERGO-1 class 26G siRNAs are enriched in embryos (10) . Thus, to provide greater ERGO-1 class 26G siRNA sequencing depth and thereby allow for a more comprehensive assessment of mut-16 dependence, we prepared additional small RNA cDNA libraries from WT and mut-16(pk710) embryos (SI Appendix, Fig.  S1B ). Consistent with the results obtained from adult libraries, ERGO-1 class 26G siRNAs derived from 57 annotated coding genes (10, 13) were reduced by ∼88% in the mut-16(pk710) embryo library relative to the WT embryo library (SI Appendix, Fig. S5 ). Of 57 ERGO-1 target genes, 54 were depleted of 26G siRNA reads in mut-16(pk710) (Dataset S6).
To test whether or not other mut class genes are required for 26G siRNA accumulation, Taqman qRT-PCR was done to measure the levels of individual 26G siRNAs in mutants for each of the six mut class genes (10, 41) . As a control, eri-1, a factor required for both ERGO-1 and ALG-3/4 class 26G siRNA biogenesis, was tested in parallel (10) (11) (12) (13) . In mut-2, mut-8, mut-14, mut-15, and mut-16(mg461) mutants, the levels of two 26G siRNAs, S4 and S5, derived from desp-1 and ssp-16 genes, respectively, were indistinguishable from WT (Fig. 4B) . A moderate decrease in S4 and S5 26G siRNA levels was observed in mut-7 mutants, whereas in mut-16(pk710) mutants, both siRNAs were moderately increased relative to WT (Fig. 4B) . Consistent with previous studies, S4 and S5 26G siRNA levels were strongly reduced in eri-1 (Fig. 4B) (10) .
In contrast to ALG-3/4 class 26G siRNAs, the levels of two ERGO-1 class 26G siRNAs, O1 and O2, derived from C40A11.10 and E01G4.7 loci, respectively, were strongly reduced (∼16-to 100-fold) in mut-2, mut-7, mut-15, and mut-16 and moderately reduced (approximately two-to fourfold) in mut-8 and mut-14 mutants relative to WT (Fig. 4C) . In mut-16(mg461), O1 and O2 26G siRNA levels were indistinguishable from WT (Fig. 4C) . ERGO-1 class 26G mRNA targets were strongly up-regulated in mut-2, mut-7, and mut-16 (∼4-to 13-fold) as well as in eri-1 and rde-4, two genes required for 26G siRNA accumulation (Fig. 4D)  (10, 11, 13) . mut-8, mut-14, and mut-15 had only slightly to moderately elevated levels of 26G siRNA target mRNAs or affected only a subset of the targets analyzed (Fig. 4D) . E01G4.5-derived siRNAs are strong NRDE-3 interactors and are required to silence both the precursor mRNA (pre-mRNA) and mature mRNA of E01G4.5 (36) . E01G4.5 mRNA levels were elevated by ∼8-to 12-fold in mut-16(pk710) and a slightly lesser degree in mut-2 and mut-7 (Fig. 4D) . Together with the deep-sequencing results described above (Fig. 2F) , our data suggest that mut-16, mut-2, and mut-7 are required for the formation or stability of NRDE-3-interacting siRNAs. This is consistent with the requirement for mut-2 and mut-7 in siRNA-mediated NRDE-3 nuclear localization (36) .
RRF-3 is an RNA-dependent RNA polymerase that is required for ERGO-1 class 26G siRNA biogenesis and somatic siRNAs derived from ERGO-1 targets (10, 12, 13) . If mg461 is a soma-specific allele of mut-16, we predicted that mut-16(mg461) mutants would be deficient for somatic RRF-3-dependent siRNAs. To test this, we compared the levels of siRNAs that mapped to a subset of somatic RRF-3 targets in our WT and mut-16 mutant libraries (12) . siRNA reads mapping to each of the RRF-3 somatic target genes were strongly depleted (∼88% to >99%) in mut-16(pk710) (Fig. 4E) . siRNA reads mapping to 15 of 22 genes analyzed (∼70%) were reduced by >50% in mut-16(mg461), consistent with our earlier conclusion that the mg461 allele is defective in somatic siRNA pathways. Interestingly, 22G but not 26G siRNAs derived from RRF-3 targets were reduced in mut-16 (mg461), whereas both classes were reduced in mut-16(pk710). To determine if the reduction in RRF-3 target gene siRNA levels in mut-16 mutants resulted in increased levels of the corresponding mRNA, qRT-PCR was done for 4 of 22 RRF-3 targets. Each target mRNA was up-regulated by approximately fivefold in mut-16(pk710) but was unaffected in mut-16(mg461) (Fig. 4F) . It is possible that siRNA levels were not sufficiently reduced in mut-16 (mg461) to effectively inhibit target mRNA silencing. Another possibility is that silencing of RRF-3 target mRNAs is initiated by germline-derived siRNAs, which are presumably unaffected in mut-16(mg461) and maintained by somatically produced siRNAs such that the relatively low levels of siRNAs observed in mut-16 (mg461) mutants are sufficient to maintain mRNA silencing.
These results indicate that mut-16, mut-2, and mut-7 are essential factors in the ERGO-1 class 26G siRNA pathway, whereas mut-8, mut-14, and mut-15 have only minor or redundant roles. We conclude that mut-16 and other mut class genes regulate multiple endogenous siRNA pathways mediating RNA silencing but are largely dispensable for the CSR-1 siRNA pathway involved in chromosome segregation (SI Appendix, Fig. S6 ).
Discussion
We identified a soma-specific RNAi-defective allele of mut-16, mg461, present in the background of multiple C. elegans laboratory strains. The prevalence of this allele in the presumed WT and various mutant strains from the initial American immigrant wave of C. elegans laboratories from the Brenner lab in England suggests that the allele arose early in C. elegans research and subsequently, propagated among laboratory stocks through a founder effect.
Strains that contain the mut-16(mg461) allele have been used in studies characterizing both exogenous and endogenous RNAi pathways. Strains bearing mutations in smg-2, smg-5, and smg-6, genes that encode proteins involved in the nonsense-mediated decay (NMD) pathway, were shown to affect the persistence of RNAi in C. elegans, and strains bearing smg-2 and smg-5 have also been shown to affect endogenous siRNA pathways (9, 42) . The mut-16(mg461) mutation is present in each of the smg-2, smg-5, and smg-6 strains used in these studies (Table 1) , which may provide an alternative explanation for why RNAi pathways are 
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ERGO-1-Class ALG-3/4-Class disrupted in these NMD mutants. The mut-16(mg461) allele was also found in strains bearing the dcr-1 and fem-3 mutant alleles mg375Eri and q20, respectively (Table 1) , which affect the accumulation of a subset of endogenous siRNAs (12, 43) . The presence of the mut-16(mg461) mutation in these strains may confound some of the results of those studies. Taken together, our data suggest that the RNAi-defective mut-16(mg461) allele is a common background mutation in laboratory strains of C. elegans. We suggest that strains showing defects in small RNA pathway functions be tested for the mut-16(mg461) allele using the PCR primers described. mut-16 and other mut class genes were shown to be essential components of the WAGO class 22G and ERGO-1 class 26G siRNA pathways but dispensable for the formation or stability of ALG-3/4 class 26G siRNAs. Given the biochemical similarity between the two classes of 26G siRNAs, it is surprising that ALG-3/4 class 26G siRNAs somehow bypass the requirement for mut class genes. Interestingly, 22G siRNAs derived from ALG-3/4 class 26G siRNA targets were reduced in mut-16(pk710) mutants. It is possible that mut-16 is only required for 22G siRNAs derived from ALG-3/4 class 26G siRNA targets that are routed through the 22G siRNA pathway through an alternate ALG-3/4-independent mechanism. This is consistent with the relatively moderate reduction (∼70%) observed in 22G siRNAs derived from ALG-3/4 class 26G siRNA targets (Fig. 4A) .
We showed that a larger proportion of transposons yield relatively high levels of siRNAs compared with other classes of C. elegans genes, suggesting that they are hypersusceptible to routing through RNA silencing pathways. Transcription levels of transposons may be substantially higher on average than those of coding genes and pseudogenes, which could account for higher median levels of siRNAs; however, this may not explain the high propensity of transposons to siRNA generation. Tc3 transposons yield 21U RNAs that are required for mut-7-dependent Tc3 siRNA formation and subsequent transposon silencing (19) . Thus, in some cases, 21U RNAs seem to trigger siRNA formation. Here, we showed that the converse, siRNAs triggering 21U RNA formation, might also occur. Tc1-derived 21U RNA levels were reduced in mut-16(pk710) as well as in mut-2 and mut-7 small RNA deep-sequencing datasets, indicating a role for the endogenous siRNA machinery in the biogenesis of certain 21U RNAs. 21U RNAs derived from Tc1 are unique from other transposon-derived 21U RNAs in that they are processed from the inverted repeat sequences flanking the transposase coding region. One possibility is that the siRNA machinery relaxes the presumably strong RNA secondary structure formed by the inverted repeats, allowing access to the piRNA machinery. Tc3 and retr-1 transposon-derived 21U RNAs, which are not dependent on mut-16, are processed from the transposase sequences that are less likely to form strong secondary RNA structures. Transposition of Tc1 transposons was shown to be only slightly elevated in Piwi mutants (19) , indicating that 21U RNAs are not essential for Tc1 silencing. This is not surprising given that siRNAs seem to act upstream of Tc1 21U RNA formation. In contrast, 21U RNAs derived from Tc3, which act upstream of siRNAs, are required for Tc3 silencing (19) .
Previous studies showed that eri-1 and other eri class genes are required for both ERGO-1 and ALG-3/4 class 26G siRNA pathways (10-13). Both mut class and some eri class mutants show a temperature-sensitive sterility phenotype at elevated temperatures. The temperature-sensitive sterility defect in eri class mutants can be completely rescued by male mating, indicating that it is caused entirely by defective sperm. Sperm defects in eri class mutants are likely caused by loss of ALG-3/4 class 26G siRNAs, which regulate a subset of spermatogenesis-enriched mRNAs (10, 11, 44) . In contrast, the temperature-sensitive sterility phenotype observed in mut class mutants was only partially rescued by male mating, suggesting that it is caused by broader defects in both sperm and oocytes. It will be important to decipher the individual contributions of 22G and 26G siRNA pathways to sperm and oocyte viability.
Our study showed that, in addition to the requirement for mut-16 and other mut class genes in siRNA pathways in the germline, they also play important roles in RNAi-related mechanisms in somatic tissues. mut-16 is expressed in the soma and is required for the response to exogenous dsRNAs targeting somatic genes. In oocytes, embryos, and larval stages, mut-16 and other mut class genes are required for formation or stability of ERGO-1 class 26G siRNAs, which guide silencing of target mRNAs and trigger amplification of secondary 22G siRNAs. Secondary 22G siRNAs associate with WAGO class Argonautes expressed in the soma, including SAGO-1, SAGO-2, and NRDE-3 (36, 45) . NRDE-3 interacts with a subset of mut-16-dependent somatic 22G siRNAs to suppress pre-mRNA expression in the nucleus by cotranscriptional repression. Thus, mut-16 also plays an important role in the nuclear RNAi pathway. Given the broad roles of mut class genes in RNAi-related mechanisms, it will be important to determine the specific role of each gene in the various siRNA pathways. Biochemical characterization of mut class genes may aid in our understanding of how certain transcripts are routed into siRNA-mediated RNA silencing pathways and the mechanisms by which silencing occurs.
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